Vanadium was doped in microarc oxidation (MAO) coatings by incorporating ammonium metavanadate (NH4VO3) into base electrolyte. The electrical resistivity of the vanadium-doped coating and the undoped coating was measured at different voltages, while the thermal diffusivity of both coatings was tested at different temperatures. The results indicate that the content of vanadium in coating is about 8.5 at.%. The doped vanadium shows remarkable influence on the microstructure of coating. The electrical resistivity of MAO coating is independent on vanadiumdoping but significantly dependent on the testing voltage. Furthermore, the vanadium-doping can enhance the thermal diffusivity of MAO coating. *
INTRODUCTION
Microarc oxidation (MAO) coating on aluminum alloy is mainly composed of Al2O3 phase and presents porous microstructure. Commonly, the coating is used to enhance the wear-and corrosion-resistance of aluminum substrate [1] [2] [3] [4] [5] . Also, the coating shows lots of functional properties such as thermal barrier, biocompatibility, photocatalysis and infrared emission [6] [7] [8] [9] . These properties are primarily determined by the microstructure of MAO coating, so that a great number of methods are developed to control the microstructure, involving electrical parameters such as current density and applied voltage [10, 11] , and solution variety such as phosphate, silicate and tungstate solution [12] [13] [14] , as well as solution concentration, conductivity and pH [14, 15] . Whereas, doping MAO coating via introducing some additives into electrolytes is an effective way to control the coating composition. For instance, NH4VO3 additive can change the coating colour [16] , resulting in the evolution of the optical properties like optical reflection.
In the present work, vanadium was doped in MAO coatings by incorporating ammonium metavanadate into base electrolyte containing sodium hexametaphosphate and sodium silicate. The electrical resistivity and the thermal diffusivity of the vanadium-doped coating and the undoped coating were measured to evaluate the effect of vanadium-doping on the electrical and thermal conductivity of MAO coatings on aluminum alloys.
EXPERIMENTAL

Preparation of MAO Coating
MAO240H microarc oxidation equipment was used to prepare MAO coatings on 2A12 aluminum alloy samples. The constant current density of 3 A/dm 2 was selected to MAO treatment for 25 min. The base electrolytes containing 14 g/L sodium hexametaphosphate ((NaPO3)6) and 6 g/L sodium silicate (Na2SiO3), and another electrolyte is prepared by adding 3 g/L ammonium metavanadate into the base electrolyte, thus obtaining the vanadium-doped MAO coating and the undoped coating.
Characterization of MAO Coating
The phases in the vanadium-doped MAO coating and the undoped coating were determined by an XRD-7000S X-ray diffractometer using Cu Kα radiation in the range of 20-80°. A JSM-6700F field emission scanning electron microscope (FESEM) was employed to observe the microstructure of both coatings, and an energy dispersive spectroscope (EDS) attachment (Oxford INCA) operated at an accelerating voltage 20 kV was used to analyse the chemical composition. A ZC36 high resistance meter was applied to measure the electrical resistivity of both coatings at the testing voltage of 10, 25, 50, 100 and 250 V, respectively. The thermal diffusivity of both coatings was tested from 25 to 300 ℃, respectively, by use of a Netzsch LFA 447 Nanoflash thermal constant measuring equipment. Fig. 1 shows the EDS spectra of the vanadium-doped and undoped MAO coatings on aluminum alloys. Obviously, both coatings are mainly composed of Al (24.2 at.%-30.8 at.%) and O (60.1 at.%-67.2 at.%). The ratio of Al to O is in the range of 0.42-0.46, lower than the ratio of 0.67 for alumina. Noticeably, the doped vanadium content in MAO coating is 8.5 at.% ( Fig. 1(a) ), suggesting that V can be incorporated into coating by adding 3 g/L ammonium metavanadate into base electrolyte. Furthermore, it can be seen that the doping of V in coating enhances the incorporation of P, since the P content in the vanadium-doped coating is 7.3 at.% but only 2.0 at.% in the undoped coating. Fig. 2 shows the XRD patterns of both coatings. The diffraction peaks at 2θ = 45.9° and 67.0° correspond to the (400) and (440) reflections of γ-Al2O3, while the peaks at 2θ = 65.1° and 78.2° are attributed to the (220) and (311) reflections of Al. The results reveal the absence of remarkable effect of vanadium-doping on the phase of MAO coating. Fig. 3 shows the SEM images of the surface morphology of the vanadiumdoped MAO coating and the undoped coating. It can be seen that both coatings present porous microstructure. But the size and number of the pore and the morphology of ceramic phase are different. As shown in Fig. 3(a) , the vanadiumdoped coating includes a small quantity of pore, and at the same time the ceramic phase demonstrates plate-like morphology. Whereas, the undoped coating exhibits a more porous morphology. It is thus inferred that vanadium-doping can increase the density of MAO coating. Ω·cm at the testing voltage of 10, 25, 50, 100 and 250 V, respectively. It can be seen that the resistivity of both coating approximately keeps an identical order of magnitude, thus indicating that the vanadium-doping only slightly affects the resistivity of MAO coating. However, the testing voltage plays a significant role in the resistivity of both coatings. As the elevation of the voltage, the resistivity decreases for both coating. The remarkable decrease presents in the range of the voltage increasing from 50 V to 100 V. /s larger than that of the undoped coating. Therefore, vanadium-doping can elevate the thermal conduction of MAO coating. Furthermore, the diffusivity reveals a decrease with temperature increase for both coatings. The composition and microstructure of materials significantly influence the thermal conducting property. The vanadium-doping not only changes the chemical composition of MAO coating, but also affects the porous microstructure. Therefore, vanadium-doping influences the thermal diffusivity of MAO coating. 
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CONCLUSIONS
In conclusion, vanadium was doped into MAO coatings on aluminum alloys by adding ammonium metavanadate into base electrolyte. The content of vanadium in coating is about 8.5 at.%. The doped vanadium shows remarkable influence on the microstructure of coating. Both the vanadium-doped coating and the undoped coating are mainly composed of γ-Al2O3. The electrical resistivity of MAO coating reaches 10 13 Ω·cm, while the resistivity is independent on vanadium-doping but significantly dependent on the testing voltage. Vanadium-doping enhances the thermal conduction of MAO coating. The diffusivity of the vanadium-doped coating is 16.6-23.2 m 2 /s larger than that of the undoped coating.
